Many gram-negative bacteria employ N-acylhomoserine lactone (AHL)-mediated quorum sensing to control virulence. To determine whether gram-positive bacteria such as Staphylococcus aureus respond to AHLs, we used a growth-dependent lux reporter fusion. Exposure of S. aureus to different AHLs revealed that 3-oxosubstituted AHLs with C 10 to C 14 acyl chains inhibited light output and growth in a concentration-dependent manner, while short-chain AHLs had no effect. N-(3-Oxododecanoyl)-L-homoserine lactone (3-oxo-C 12 -HSL) inhibited the production of exotoxins and cell wall fibronectin-binding proteins but enhanced protein A expression. Since these processes are reciprocally regulated via the S. aureus agr quorum-sensing system, which in turn, is regulated via sar, we examined the effect of AHLs on sarA and agr. At sub-growth-inhibitory concentrations of 3-oxo-C 12 -HSL, both sarA expression and agr expression were inhibited, indicating that the action of 3-oxo-C 12 -HSL is mediated at least in part through antagonism of quorum sensing in S. aureus. Spent culture supernatants from Pseudomonas aeruginosa, which produces both 3-oxo-C 12 -HSL and N-butanoylhomoserine lactone (C 4 -HSL), also inhibited agr expression, although C 4 -HSL itself was inactive in this assay. Since quorum sensing in S. aureus depends on the activities of membrane-associated proteins, such as AgrB, AgrC, and AgrD, we investigated whether AHLs perturbed S. aureus membrane functionality by determining their influence on the membrane dipole potential. From the binding curves obtained, a dissociation constant of 7 M was obtained for 3-oxo-C 12 -HSL, indicating the presence of a specific saturable receptor, whereas no binding was observed for C 4 -HSL. These data demonstrate that long-chain 3-oxo-substituted AHLs, such as 3-oxo-C 12 -HSL, are capable of interacting with the S. aureus cytoplasmic membrane in a saturable, specific manner and at sub-growth-inhibitory concentrations, down-regulating exotoxin production and both sarA and agr expression.
The emergence of bacteria that are resistant to multiple antibiotic classes is a major public health threat (22) . This threat has been compounded over the last few decades by the failure of drug discovery programs to develop new antibacterial agents with truly novel modes of action. As a consequence, there is renewed interest in antibacterial targets which disrupt the capacity of pathogenic bacteria to cause infection by attenuating virulence (1) . Since pathogenicity is usually multifactorial, regulatory genes involved in the global control of virulence are potential targets. In this context, bacterial cell-to-cell communication (quorum-sensing) systems which control diverse physiological processes, including virulence, offer attractive antibacterial targets (49) . Such systems rely on the interaction of a diffusible, low-molecular-weight signal molecule (sometimes referred to as an "autoinducer") with a sensor kinase or response regulator to activate or repress gene expression (44, 49) . As such, they offer multiple target sites for intervention since the disruption of cell-to-cell communication can be accomplished either by blockade of signal synthesis, by signal molecule degradation, or by inhibition of signal reception (49) .
A number of chemically distinct quorum-sensing signal molecule families have been identified, the most intensively investigated of which have been the N-acylhomoserine lactones (AHLs). These compounds are produced by gram-negative bacteria, including human pathogens belonging to the genera Aeromonas, Brucella, Burkholderia, Pseudomonas, Serratia, and Yersinia (44, 49) . All AHLs that have been reported to date are characterized by a homoserine lactone ring not substituted in the ␤ and ␥ positions which is N acylated with a fatty acyl group at ␣ position 1. The acyl chains vary in length from 4 to 18 carbons, in saturation levels, and in oxidation states, and in most cases the chain has an even number of carbon atoms (10) . For example, in Pseudomonas aeruginosa, the two main AHLs produced are the short-chain molecule N-butanoyl-L-homoserine lactone (C 4 -HSL) and the long-chain molecule N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C 12 -HSL), which are involved in coordinately regulating virulence and secondary metabolite production (10, 34, 44, 49, 50) .
While no gram-positive AHL producers have been reported yet, a number of linear and posttranslationally modified pep-tide-based quorum-sensing signal molecules associated with DNA uptake and processing (competence), conjugation, and virulence have been described (30) . These include the peptide lactones and peptide thiolactones made by Enterococcus faecalis and the staphylococci, respectively, (30) . For both pathogens, these posttranslationally modified peptide signal molecules are involved in virulence gene regulation.
In Staphylococcus aureus, the agr locus regulates the expression of diverse cell surface proteins (e.g., protein A, coagulase, fibronectin-binding proteins) and exoproteins (e.g., proteases, hemolysins, toxic shock syndrome toxin 1 , and enterotoxin B) in concert with cell population density (4, 29) . As S. aureus reaches the stationary phase, agr represses genes coding for cell surface colonization proteins, such as protein A and the fibronectin-binding proteins, and activates expression of the genes for secreted exotoxins and tissue-degrading exoenzymes (4, 7, 29) . In several different experimental animal models of S. aureus infection, agr mutants exhibit significantly reduced virulence, highlighting the key role of this regulatory locus in staphylococcal pathogenicity (7) The staphylococcal agr locus consists of two divergent operons, which are controlled by the P2 and P3 promoters, respectively (26, 29) . The P2 operon consists of four genes, agrBDCA, all of which are required for activation of transcription from the P2 and P3 promoters, while the P3 transcript, RNAIII, is itself the effector for the agr response (26, 29) . AgrA and AgrC constitute a two-component system in which AgrC is the sensor kinase and AgrA is the response regulator. The system is activated through the interaction of an autoinducing peptide (AIP) with AgrC (16, 29) . Structurally, the staphylococcal AIPs are peptide thiolactones consisting of seven to nine amino acid residues in which the central cysteine residue is covalently linked to the C-terminal amino acid carboxylate, forming a cyclic thioester (5, 20, 23) . The expression of agr is, however, highly influenced by environmental conditions and other regulatory systems, including SarA, which, in common with agr, positively regulates the agr P2 and P3 promoters and hence numerous exotoxins and the fibronectin-binding proteins while repressing protein A production (4) .
In most studies of bacterial quorum-sensing signal molecules the workers have largely concentrated on the function and action of these molecules in a given species or genus. Staphylococci, for example, can be subdivided into different groups on the basis of the ability of their AgrD-derived peptide thiolactones to cross-activate or -inhibit agr expression (16, 29) . However, there have been few studies of the actions of quorumsensing signal molecules produced by one organism on other unrelated bacterial genera. In such cases, the data obtained are often difficult to interpret because crude spent culture supernatants are used as sources of quorum-sensing signal molecules (13, 24) . Furthermore, to our knowledge, the response of gram-positive bacteria to gram-negative AHL signal molecules has not been investigated previously. In this study we synthesized a range of AHL signal molecules that had different acyl chain lengths with or without a 3-oxo substituent and examined the response of S. aureus with respect to growth and virulence factor production. We found that long-chain AHLs, such as 3-oxo-C 12 -HSL which is produced by P. aeruginosa, are capable of interacting with the S. aureus cytoplasmic membrane in a saturable, specific manner and at sub-growth-inhibitory concentrations, reducing exotoxin production and down-regulating both sarA and agr expression
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. S. aureus strains RN6390 (16) and KH1187A (a TSST-1 producer) (23) were routinely grown at 37°C on L-agar, in L-broth, or in CYGP broth (28) in the presence or absence of AHLs or spent culture supernatants from P. aeruginosa PAO1. Plasmid pSB2030 (P xylA ::gfp-luxABCDE) confers chloramphenicol resistance and provides growthdependent bioluminescence and fluorescence when it is used to transform S. aureus (36, 37) , and it was used to monitor the effects of AHLs on S. aureus RN6390. To investigate the impact of AHLs on agr expression, the agrP3::blaZ reporter fusion S. aureus RN6390B(pRN6683) constructed by Ji et al. (16) was used. For experiments to determine the effect of P. aeruginosa culture supernatants on agrP3 expression, strain PAO1 was grown to the stationary phase in CYGP broth with shaking at 37°C.
AHL and AIP-I synthesis. AHLs with N-linked acyl side chains consisting of 4, 6, 8, 10, 12, and 14 carbon atoms with 3-oxo substituents (3-oxo-alkanoyl series) or without 3-oxo substituents (alkanoyl series) were synthesized as described previously by Chhabra et al. (8, 9) . Group I S. aureus autoinducing peptide (AIP-1) was synthesized as described previously by McDowell et al. (23) .
Bioluminescence assays. An experiment to determine the influence of AHLs on S. aureus replication was carried out in 96-well microtiter plates in CYGP broth using S. aureus RN6390(pSB2030) essentially as described previously (35, 36) . S. aureus RN6390(pSB2030) was grown overnight aerobically at 37°C in CYGP broth containing chloramphenicol (5 g/ml). The resulting bacterial pellet was washed twice in fresh medium and then diluted 1/20 into fresh medium and grown for 3 h at 37°C aerobically. This preparation was further diluted 1/20 into fresh medium. A range of AHL concentrations was added to 5-ml aliquots of the diluted bacterial culture. Replicate samples (200 l) were loaded into clear-bottom 96-well microtiter plates, which were incubated at 37°C in an Anthos Lucy 1 luminometer (Anthos Labtech, Salzburg, Austria), and the optical density at 492 nm (OD 492 ) and luminescence were measured every 30 min for 24 h. The data were plotted as relative light units divided by OD 492 , which accounted for the influence of increased growth on the total bioluminescence. To simplify presentation of the data showing the effects of different AHLs on S. aureus(pSB2030), the maximal relative light unit/OD 492 values recorded were plotted as a bar chart since the shapes of the curves for each AHL tested were similar.
Analysis of exotoxins and cell wall colonization factors. The influence of AHLs on staphylococcal virulence factor production was determined as follows. The production of ␣-hemolysin in cell-free staphylococcal culture supernatants was assayed by using the microtiter plate format with a 0.5% (vol/vol) suspension of rabbit erythrocytes and by N-terminal sequencing of proteins that were separated on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels and electroblotted onto polyvinylidene difluoride membranes. ␦-Hemolysin production was analyzed by reversed-phase high-performance liquid chromatography (HPLC) as described by Otto and Gotz (33) . TSST-1 was detected by Western blotting of cell-free culture supernatants of stationary-phase cells using a rabbit polyclonal antibody. Protein A and fibronectin-binding proteins were detected in staphylococcal cell wall fractions that were prepared by digestion of whole cells (standardized by resuspension to an OD 600 of 1.0) with lysostaphin (100 g/ml) as described by Morrissey et al. (27) . After SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting, protein A was detected using a horseradish peroxidase-rabbit anti-rat immunoglobulin G conjugate (Sigma), and the fibronectin-binding proteins were detected after incubation with human fibronectin (30 g/ml), followed by incubation with a mouse antibody to human fibronectin (Sigma). Western blots were developed using an ECL chemiluminescence system (Amersham Biosciences, United Kingdom)
Northern blot analysis. S. aureus RN6390(pSB2035) was grown overnight in CYGP broth containing chloramphenicol (5 g/ml). The resulting bacterial pellet was washed twice in fresh medium and then diluted 1/20 into fresh medium and grown aerobically for 3 h at 37°C. Then the culture was further diluted 1/20 into fresh medium in the presence or absence of either 3-oxo-C 12 -HSL or C 4 -HSL. AHLs were added at the time of inoculation, at 4, 6, and 9 h 20-ml culture samples were removed, and the bacterial cells were harvested. For RNAIII, 3-oxo-C 12 -HSL (5 M) was also added after induction, and samples were taken at hourly intervals from 3.5 h to 8.5 h. The OD 600 of bacterial suspensions were normalized to 0.45 in 400 l prior to RNA extraction. Staphylococcal RNA was extracted using an RNeasy total RNA kit (QIAGEN) with 800 g/ml lysostaphin added in the initial cell lysis step. RNA concentrations were determined using a Genequant spectrophotometer (Pharmacia Biotech).
Samples were adjusted to provide 1.5 g (sarA) or 3 g (RNAIII) RNA per lane and together with RNA markers (Promega) were electrophoresed on 1.5% agarose-formaldehyde gels and then transferred to a Hybond N ϩ membrane as described in the Promega Protocols and Applications Guide (3rd ed.). The Northern blots were incubated overnight at 50°C with digoxigenin-labeled DNA probes (Boehringer Mannheim) obtained by random priming of PCR products from S. aureus RN6390 for sarA and RNAIII using primers based on the corresponding previously published sequences. After hybridization, the filters were washed sequentially in 2ϫ SSC-0.1% (wt/vol) SDS at room temperature for 5 min (two washes) and in 0.1ϫ SSC-0.1% (wt/vol) SDS at 68°C for 15 min (two washes) (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). The bound probe was visualized using CDP-star (Boehringer Mannheim) according to the manufacturer's protocol.
S. aureus agrP3::blaZ reporter assays. S. aureus agrP3::blaZ reporter assays were carried out using S. aureus RN6390B(pRN6683) as described by Ji et al. (16) and McDowell et al. (23) and using the chromogenic cephalosporin nitrocefin as a substrate. S. aureus strain RN6390B(pRN6683) was grown overnight at 37°C with shaking in CYGP broth (28) . The culture was diluted 1/100 into fresh CYGP broth and grown at 37°C to the logarithmic phase (OD 600 , 0.4). To 45 l of this staphylococcal cell suspension in a microtiter plate, 5 l of CYGP broth (as a control) or a range of concentrations of 3-oxo-C 12 -HSL or C 4 -HSL were added. For some experiments, 5 l of filter-sterilized spent stationary-phase supernatant (undiluted or diluted 1/10 or 1/100 with CYGP broth) from P. aeruginosa was added to the staphylococcal cell suspension, or, as a positive control, 5 l of the synthetic staphylococcal autoinducing group I peptide (20, 23) was added at concentrations of 0.27 M, 0.027 M, and 0.0027 M (23). The microtiter plates were incubated for 55 min at 37°C in a Labsystems II microplate reader, 50 l of CYGP broth containing 5 mM sodium azide was added to stop the reaction, and ␤-lactamase activity was determined using the chromogenic cephalosporin nitrocefin as the substrate as described previously (16, 23) . For these experiments an increase in ε 492 Ϫ ε 690 of 0.001 min Ϫ1 was defined as 1 U of ␤-lactamase activity. Values for the 50% inhibitory concentration (IC 50 ) were extracted from the sigmoidal dose-response curves using the Prism2 program (Graphpad, San Diego, Calif.). All assays were carried out in triplicate at least three times.
Dipole potential analysis. S. aureus membranes were prepared from cells grown in CYGP broth to an OD 540 of ϳ0.8 and were lysed with lysostaphin (80 g/ml). After sonication, the membrane pellet was washed three times using 5 mM Tris HCl (pH 7.5) containing 280 nM sucrose. Monodisperse 100-nmdiameter unilammellar phospholipid vesicles were prepared using phosphatidylcholine as described by Wall et al. (48) Membranes were labeled with the dipole potential fluorescent sensor 1-(3-sulfonatopropyl)-4-[␤-2-(di-n-octylamino)-6-naphthylvinyl] pyridinium betaine (di-8-ANEPPS) (Molecular Probes, Leiden, The Netherlands) (11, 12) in ethanol at a final concentration of 1 M. Fluorescence spectra and dual-wavelength recordings were obtained using an Aminco Bowman (New York, N.Y.) series 2 luminescence spectrophotometer. Excitation spectra were collected with an emission wavelength of 580 nm. The variation in the ratio of fluorescence at 460 nm to fluorescence at 520 nm [R(460/520)] as a function of 3-oxo-C 12 -HSL concentration was measured in the dual-wavelength excitation mode. The data obtained were fitted to a simple hyperbolic function using Easyplot (Cherwell Scientific, United States), which describes a singlebinding-site model according to:
, where K d is the dissociation constant and the capacity is the maximum value of R(460/520).
RESULTS
Long-chain 3-oxo-substituted AHLs inhibit the growth of S. aureus. When organisms were grown in CYGP broth in 96-well microtiter plates in the presence of 3-oxo-C 12 -HSL (Fig. 1A) , an AHL produced by P. aeruginosa, the growth of S. aureus was inhibited in a concentration-dependent manner; this was particularly marked at concentrations of 30 M or above, and growth was completely inhibited by 75 M (Fig. 1B) .
Previously, we developed a bioluminescent luxABCDEbased reporter plasmid (pSB2030) which confers growth-dependent bioluminescence when it is transformed into S. aureus and offers a rapid and sensitive means of assessing the efficacy of antibacterial agents (36, 37) . LuxAB-dependent bioluminescence requires energy, in the form of reduced flavin mononucleotide obtained from bacterial metabolism, a long-chain aldehyde synthesized and recycled by LuxCDE, and molecular oxygen (37) . As the production of bioluminescence from recombinant bacteria containing the lux genes depends on biochemically active bacterial cells, it can be assumed that any compound that impairs the biochemistry and thus compromises cellular viability leads to a rapid reduction in luminescence. The effects of antimicrobial compounds on lux-containing recombinant bacteria can therefore be readily assessed (36, 37, 39, 41, 46) . Figure 1C shows that the growth-dependent bioluminescence of S. aureus RN6390(pSB2030) was completely inhibited by 10 M 3-oxo-C 12 -HSL.
Since the S. aureus RN6390(pSB2030) bioreporter responded sensitively to 3-oxo-C 12 -HSL, we examined the effects of a range of AHLs having different acyl chain lengths with and without a 3-oxo substituent at concentrations of 5 and 50 M (Fig. 2) . Apart from N-decanoyl-L-homoserine lactone (C 10 -HSL), unsubstituted AHLs, such as C 4 -HSL (which is also produced by P. aeruginosa) (48), did not reduce the light output ( Fig. 2A) . For the 3-oxo series, however, AHLs with C 8 , C 10 , C 12 , and C 14 chains all significantly reduced biolumines- cence at a concentration of 50 M, and 3-oxo-C 12 -HSL and 3-oxo-C 14 -HSL were the most active molecules (Fig. 2B) . Interestingly, S. aureus RN6390(pSB2030) responded to AHLs such as C 4 -HSL and 3-O-C 4 -HSL with slightly enhanced rather than reduced bioluminescence compared with the solvent control (Fig. 2) 3-oxo-C 12 -HSL inhibits exotoxin and fibronectin-binding protein production but enhances protein A synthesis. When added to S. aureus cultures, 3-oxo-C 12 -HSL abolished the hemolytic activity of spent stationary-phase culture supernatants in a concentration-dependent manner, suggesting that this long-chain AHL was capable of inhibiting exotoxin synthesis (data not shown). The results of an SDS-PAGE analysis of the extracellular proteins of S. aureus RN6390 grown in the absence or presence of 3-oxo-C 12 -HSL are shown in Fig. 3A . The presence of two major proteins with molecular masses of approximately 36 kDa and 45 kDa was abolished in the cells grown in the presence of 3-oxo-C 12 -HSL (10 M). N-terminal sequencing of the 34-kDa band identified the 34-kDa protein as ␣-hemolysin. We were unable to determine the identity of the 45-kDa band by N-terminal sequencing. 3-oxo-C 12 -HSL also abolished production of ␦-hemolysin by RN6390, as determined by HPLC analysis (Fig. 3B) . Furthermore, Western blot analysis of TSST-1 production by S. aureus strain KH1187A also revealed that levels of this toxin are substantially reduced by 3-oxo-C 12 -HSL (Fig. 3C) .
To determine whether 3-oxo-C 12 -HSL also inhibited cell wall colonization factors, immunoblot analysis was used to assay for immunoglobulin-binding protein A and Western ligand blot analysis was used to assay for fibronectin-binding proteins. Figure 4A shows that after 6 and 9 h of growth, cell wall protein A synthesis was enhanced in S. aureus RN6930 by 3-oxo-C 12 -HSL at sub-growth-inhibitory concentrations (5 and 15 M) compared with control, untreated cultures. Conversely, the levels of cell wall fibronectin-binding proteins were reduced during growth in the presence of 3-oxo-C 12 -HSL (Fig.  4B) . Interestingly, 3-oxo-C 12 -HSL had no effect on two agrindependent, iron-regulated, cell wall-associated S. aureus proteins, FrpA and FrpB (22; data not shown).
3-oxo-C 12 -HSL but not C 4 -HSL inhibits sarA and agr expression. Since 3-oxo-C 12 -HSL modulated the production of a number of sar-and sarA-dependent virulence determinants, 
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including the hemolysins, TSST-1, protein A, and the fibronectin-binding proteins, the data suggested that the mode of action of this gram-negative AHL signal molecule may be a consequence of the loss of sarA or agr functionality. S. aureus was grown in shake flasks in the absence or presence of 5 or 15 M 3-oxo-C 12 -HSL, concentrations which under these growth conditions do not inhibit growth (Fig. 5A) . The sarA locus is expressed in a growth phase-dependent manner as three overlapping transcripts (approximately 0.56 kb, 0.8 kb, and 1.2 kb) (2). Figure 5B shows the expression of the three sarA transcripts 4, 6, or 9 h after inoculation in the absence or presence of 5 M or 15 M 3-oxo-C 12 -HSL. At the higher concentration, 3-oxo-C 12 -HSL substantially reduced (after 4 and 6 h) the expression of the 0.56-and 1.2-kb transcripts, whereas at 9 h none of three sarA transcripts was apparent (Fig. 5B) .
To evaluate the influence of 3-oxo-C 12 -HSL on agr expression in S. aureus, Northern blot analyses of the RNAIII transcript and an agrP3::blaZ reporter (pRN6683) gene fusion assay were performed. When 3-oxo-C 12 -HSL was added at a concentration of 5 M at the time of inoculation and RNA samples were obtained after 4, 6, or 9 h of growth, the RNAIII levels were clearly reduced (Fig. 6A) . Similar results were obtained when 3-oxo-C 12 -HSL (5 M) was added after induction of agr (Fig. 6B) . To obtain quantitative data, S. aureus RN6390B(pRN6683) was grown to the logarithmic phase to induce agr expression prior to exposure to a range of 3-oxo-C 12 -HSL concentrations. Figure 6C clearly demonstrates that 3-oxo-C 12 -HSL inhibited agr expression in a concentrationdependent manner, and from the data an IC 50 of 2.0 Ϯ 0.83 M was calculated (as determined by four separate assays performed in triplicate).
Since 3-oxo-C 12 -HSL is produced by P. aeruginosa, we also sought to determine whether spent stationary-phase culture supernatants prepared from this gram-negative pathogen could inhibit agr expression at dilutions which do not inhibit staphylococcal growth. Figure 7A shows that at a dilution of 1/10, P. aeruginosa spent culture supernatants reduced agr expression by approximately 60% compared with the control (CYGP broth) and that this inhibition was lost if there was further dilution of the pseudomonas supernatant. P. aeruginosa also produces a second AHL quorum-sensing signal molecule (C 4 -HSL), which, although it had no effect on staphylococcal growth ( Fig. 2A) , potentially influences agr expression. Figure  7B shows that C 4 -HSL at concentrations of 5 and 15 M had no effect on agr as determined by Northern blot analysis of RNAIII levels. Similar results were obtained using the 
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agrP3::blaZ reporter with C 4 -HSL concentrations up to 100 M; i.e., this short-chain P. aeruginosa AHL did not inhibit agr expression (Fig. 7C) .
Interaction of 3-oxo-C 12 -HSL and C 4 -HSL with staphylococcal membranes and synthetic phospholipid vesicles. Since 3-oxo-C 12 -HSL is capable of disrupting the function of Agr, which includes three membrane-associated components (namely, AgrB, AgrC, and AgrD) (29, 53), we employed a novel spectrofluorometric technique to investigate the interaction of AHLs with both staphylococcal and synthetic unilamellar phospholipid membrane vesicles. This method assesses changes in one of the major membrane electrostatic potentials, the dipole potential (31) . The dipole potential originates via the molecular dipoles associated with carbonyl, oxygen-bonded phosphate moieties of phospholipids and is orientated toward water molecules at the membrane interface (31) . Changes in the magnitude of the dipole potential as a consequence of membrane-ligand interactions, therefore, have important consequences for membrane structure and function. By incorporating the dipole potential fluorescent sensor di-8-ANEPPS into the membranes, a dual-wavelength ratiometric method (10, 11, 31) could be used to measure changes in the membrane dipole potential following exposure to the AHLs C 4 -HSL and 3-oxo-C 12 -HSL. Figure 8 shows the resulting curves for binding of 3-oxo-C 12 -HSL to staphylococcal and synthetic membranes. From these data, dissociation constants of 7 M and 352 M, respectively, were calculated, indicating that 3-oxo-C 12 -HSL has a much higher affinity for staphylococcal membranes than for synthetic phospholipid membranes. In both cases the data fit a hyperbolic function which described a noncooperative, single-site binding model. C 4 -HSL had no effect on the membrane dipole potential, which is consistent with its lack of inhibitory activity.
DISCUSSION
Although AHLs are considered primarily in the context of quorum-sensing-dependent control of gene expression in the gram-negative producer organism (44, 49) , these molecules clearly possess biological properties beyond their role in bacterial cell-to-cell communication. In gram-negative bacteria, long-chain AHLs (ϾC 10 ) may antagonize the functions of shorter-chain AHLs (ϽC 8 ). For example, the C 4 -HSL-dependent expression of exoproteases in Aeromonas hydrophila can be inhibited by AHLs with C 10 and C 12 acyl side chains (43) . Similarly, production of the C 6 -HSL-dependent purple pigment violacein in Chromobacterium violaceum is inhibited by AHLs with a C 8 or longer side chain (21) . Recently, Hogan et al. (15) reported that 3-oxo-C 12 -HSL produced by P. aeruginosa suppressed filamentation in the pathogenic yeast Candida albicans at a concentration of 200 M. Furthermore, 3-oxo-C 12 -HSL exhibits both proinflammatory and immune modulatory activities (38, 42, 45) For example, 3-oxo-C 12 -HSL modulates leukocyte function (38, 45) and induces interleukin-8 in respiratory epithelial cells (42) . It also has a profound effect on the heart rate, inducing bradycardia in live conscious rats (14) . Thus, 3-oxo-C 12 -HSL may play a role not only in regulating P. aeruginosa virulence gene expression but also in the manipulation of eukaryotic cells and host tissues to maximize the provision of nutrients via the bloodstream while down-regulating host defense mechanisms.
Here we show that 3-oxo-C 12 -HSL antagonizes growth and virulence factor production in the gram-positive human pathogen S. aureus. 3-oxo-C 12 -HSL may therefore confer on P. aeruginosa a competitive advantage in host tissues that are also infected by S. aureus, such as tissues with wound infections, and in the respiratory tracts of individuals with cystic fibrosis (CF). With respect to the latter, AHLs, including 3-oxo-C 12 -HSL, have been detected directly in sputum samples from CF patients infected with P. aeruginosa (25) . In CF lungs, S. aureus is often replaced by P. aeruginosa, although the reason(s) for this is not clear; it has been suggested that this replacement is a consequence of the prolonged use of antistaphylococcal antibiotics (19) . However, our in vitro data showing that physiologically relevant concentrations of 3-oxo-C 12 -HSL can modulate the behavior of S. aureus provide a possible alternative explanation. In planktonic cultures, P. aeruginosa has been estimated to produce 3-oxo-C 12 -HSL at concentrations up to 5 M (33), while in the biofilm mode of growth concentrations as high as 600 M have been reported (6) . Thus, P. aeruginosa is likely to produce sufficient 3-oxo-C 12 -HSL to modulate the adaptive behavior of S. aureus. Indeed, using stationary-phase P. aeruginosa culture supernatants at sub-growth-inhibitory dilutions, we observed a 60% inhibition of agr expression.
AHL structure-activity analysis indicated that long-chain AHLs with a 3-oxo substituent are more active against S. aureus than short-chain or unsubstituted short-or long-chain compounds are. This is also true with respect to the immune modulatory and cardiovascular activities of 3-oxo-C 12 -HSL. For example, C 12 -HSL was 13-fold less active than 3-oxo-C 12 -HSL, whereas 3-oxo-C 10 -HSL was approximately 5-fold less active in a mouse splenocyte proliferation assay (9) . C 4 -HSL, which, like 3-oxo-C 12 -HSL, is produced by P. aeruginosa, is inactive in immunological assays against C. albicans and against S. aureus with respect both to growth and agr expression.
Long-chain fatty acids, such as capric acid (C 10 ) and lauric acid (C 12 ), but not short-chain fatty acids have been reported to effectively inhibit S. aureus growth at a concentration of 10 mM (3), which is more than 100-fold higher than the concentration of 3-oxo-C 12 -HSL (75 M) required to completely inhibit staphylococcal growth. Other workers have reported MICs for lauric and capric acids of 400 and 800 g/ml, respectively, against a range of methicillin-resistant and methicillinsensitive S. aureus strains, although the corresponding fatty amines were significantly more active (MICs of 100 and 6.25 g/ml for caprylamine and laurylamine, respectively) (18) . While the mechanism of action of these compounds has not been established, it has been suggested that it involves destabilization of the cytoplasmic membrane (18) . Interestingly, the surfactant glycerol monolaurate, which contains a C 12 fatty acid, inhibits S. aureus virulence factor production, as does lauric acid itself (35, 40) . In contrast to 3-oxo-C 12 -HSL, glycerol monolaurate inhibits protein A synthesis and does not antagonize agr expression (35) . AHLs, such as 3-oxo-C 12 -HSL, are readily inactivated as quorum-sensing signal molecules by exposure to alkaline pHs or by enzyme-induced opening of the homoserine lactone ring to generate the corresponding 3-oxo fatty amine derivative (e.g., 3-oxo-dodecanoylhomoserine in the case of 3-oxo-C 12 -HSL) (52) . During preparation of this paper, Kaufmann et al. (17) reported that alkali-mediated hydrolysis of 3-oxo-AHLs could also generate a tetrameric acid derivative [3-(1-hydroxydecylidene)-5-(2-hydroxyethyl)pyrrolidine-2,4-dione] which, like 3-oxo-C 12 -HSL, has antibacterial activity against grampositive bacteria, including the staphylococci. Thus, both 3-oxo-C 12 -HSL and its breakdown products have antistaphylococcal activity, indicating that the homoserine lactone ring is not required for the growth-inhibitory effects of this P. aeruginosa quorum-sensing signal molecule.
The amphipathic nature of 3-oxo-C 12 -HSL suggested that it may exert its activity against S. aureus by perturbing membrane function. To investigate this possibility, we used the dipole potential fluorescent sensor di-8-ANEPPS (10, 11) to examine the interactions of 3-oxo-C 12 -HSL and C 4 -HSL with synthetic phosphatidylcholine and staphylococcal membranes. The binding curves obtained revealed that 3-oxo-C 12 -HSL bound to S. aureus membranes with high affinity. This contrasts with C 4 -HSL, which did not interact with the membranes. Furthermore the almost 50-fold increase in the affinity of 3-oxo-C 12 -HSL for staphylococcal membranes compared to synthetic phospholipid membranes implies that there is a specific staphylococcal membrane receptor, the nature of which remains to be established.
Exogenous 3-oxo-C 12 -HSL exerted a marked effect on staphylococcal exotoxin and cell wall protein A in a manner which is consistent with a mechanism of action involving direct or indirect antagonism of the agr quorum-sensing system. Using the agrP3::blaZ reporter assay, an IC 50 of 2.0 Ϯ 0.83 M was calculated from the dose-response curve, which is consistent with a mechanism involving perturbation of agr-dependent quorum sensing. Since 3-oxo-C 12 -HSL efficiently inserts into staphylococcal membranes with high affinity, this may prevent the processing of AgrD by AgrB within the membrane by effectively inhibiting AIP synthesis or by interfering with the capacity of AgrC to sense the AIP since AgrB, AgrC, and AgrD are all inserted into the membrane (53) However, the phenotype observed for fibronectin binding (a reduction in fibronectin-binding protein levels was noted following exposure to 3-oxo-C 12 -HSL) is more characteristic of a defect in sarA expression since SarA, in contrast to agr, positively regulates fibronectin-binding protein expression in an agr-independent manner (51) . In support of this, we noted that transcription of all three sarA transcripts was virtually abolished in S. aureus cultured in the presence of 15 M 3-oxo-C 12 -HSL. Since SarA regulates agr (7), this in turn would also account for the reduction in agr expression observed in the presence of this long-chain AHL. However, if the action of 3-oxo-C 12 -HSL is to inhibit sarA expression via perturbation of membrane function, this raises the question of the mechanism involved. It is therefore tempting to speculate that 3-oxo-C 12 -HSL may antagonize the function of other membrane-associated regulators, such as the sensor components of two-component sensor kinase response regulator systems, of which there are 16 in S. aureus (7) . Potential candidates in this context include arlRS, saeRS, and srrAB, which are known to control expression of cell wall colonization factors and exotoxins directly and/or indirectly via sar and agr (4, 7) . Thus, it is likely that 3-oxo-C 12 -HSL, in a concentration-dependent manner, perturbs the function of a number of membrane sensors which collectively result in modulation of virulence factor expression in S. aureus. The precise mechanism(s) of action of 3-oxo-C 12 -HSL on S. aureus, however, remains to be experimentally determined since it is possible that the effects observed on growth, agr and sarA expression, and virulence factor production are all independently affected and not directly related to membrane perturbation. Thus, the data described above suggest that long-chain AHLs, such as 3-oxo-C 12 -HSL, may not only activate gene expression in the producer organism but also inhibit gene expression in other microorganisms occupying or competing for the same ecological niche. Consequently, 3-oxo-C 12 -HSL is a potential structural backbone for the design of chemical libraries of novel antistaphylococcal agents which block virulence gene expression in this important group of gram-positive human pathogens. The anti-infective potential of AIP antagonists which block agr-mediated quorum sensing has been demonstrated in a murine abscess model (20) . However, AIP antagonists which inhibit AgrC have been reported to promote biofilm formation, and thus, while they may prove to be useful for treating certain acute infections, may promote chronic infections, a highly undesirable outcome in, for example, patients with indwelling medical devices (32) . This is, however, less likely to occur with agents based on the 3-oxo-C 12 -HSL structural backbone since this compound inhibits not only agr but also sarA, which is essential for biofilm development in S. aureus (47) This is because sarA mutants exhibit impaired biofilm formation under both static and flow conditions and show decreased polysaccharide intercellular adhesion via an agr-independent mechanism (47). Further work is required to determine the influence, if any, of 3-oxo-C 12 -HSL on biofilm development in the staphylococci.
